Background-Calcific aortic stenosis is the third most common cardiovascular disease in the United States. We hypothesized that the mechanism for aortic valve calcification is similar to skeletal bone formation and that this process is mediated by an osteoblast-like phenotype. Methods and Results-To test this hypothesis, we examined calcified human aortic valves replaced at surgery (nϭ22) and normal human valves (nϭ20) removed at time of cardiac transplantation. Contact microradiography and microcomputerized tomography were used to assess the 2-dimensional and 3-dimensional extent of mineralization. Mineralization borders were identified with von Kossa and Goldner's stains. Electron microscopy and energy-dispersive spectroscopy were performed for identification of bone ultrastructure and CaPO 4 composition. To analyze for the osteoblast and bone markers, reverse transcriptase-polymerase chain reaction was performed on calcified versus normal human valves for osteopontin, bone sialoprotein, osteocalcin, alkaline phosphatase, and the osteoblast-specific transcription factor Cbfa1. Microradiography and micro-computerized tomography confirmed the presence of calcification in the valve. Special stains for hydroxyapatite and CaPO 4 were positive in calcification margins. Electron microscopy identified mineralization, whereas energy-dispersive spectroscopy confirmed the presence of elemental CaPO 4 . Reverse transcriptase-polymerase chain reaction revealed increased mRNA levels of osteopontin, bone sialoprotein, osteocalcin, and Cbfa1 in the calcified valves. There was no change in alkaline phosphatase mRNA level but an increase in the protein expression in the diseased valves. Conclusions-These findings support the concept that aortic valve calcification is not a random degenerative process but an active regulated process associated with an osteoblast-like phenotype.
A fter hypertension and coronary artery disease, aortic valve disease is the third most common cardiovascular disorder in the United States. This condition increases in prevalence with advancing age, afflicting 4% of the population by age 80 years. 1 The natural history as described by Ross and Braunwald 2 indicates that severe symptomatic aortic stenosis is associated with a life expectancy of less than 5 years. Despite the high prevalence of this condition, little is known regarding the molecular basis of calcific aortic stenosis. Studies have determined that mature lamellar bone formation occurs in calcified human aortic valves and that these valves express osteopontin, a bone matrix protein important in the development of cardiovascular calcification. 3, 4 Mohler et al 5 have also shown that human aortic valve cell cultures in vitro contain a calcifying cell possessing osteoblast-like features. In this study, we hypothesized that the extraosseous calcification in the human aortic valve resembles the regulated bone formation that occurs in the skeleton and involves the development of osteoblast-like features. We have recently demonstrated that a similar osteoblast phenotype develops in an experimental model of hypercholesterolemia-induced aortic valve disease. 6 We tested our hypothesis by examining human aortic valves for the expression of osteoblast markers as well as for the histological appearance of a mineralized bone-like matrix.
Methods

Human Calcified Aortic Valves
The use of all human tissue was approved by the Institutional Review Boards at the Mayo Clinic (1732-98) and Northwestern University (1041-001). We obtained human calcified valves from patients with aortic stenosis (nϭ22) at the time of surgical valve replacement and normal control valves at the time of heart transplantation (nϭ20). We also compared the calcified human aortic valves to control human femur and iliac bone from the Mayo Clinic Core Bone Laboratory, because the iliac bone is the standard control for the bone histomorphometric stains (bone controls not shown). On extraction, tissues were either immersed in formalin or fresh frozen and stored at Ϫ70.
Detection of Bone-Like Matrix and Mineral in Aortic Valves
Tissue Preparation
The valve was infiltrated in the polymerize medium methyl methacrylate using controlled temperature embedding (Rainer Technical Products). Five-micron serial sections were cut for staining using a microtome with a D-profile knife (Leica).
Contact Microradiography
Contact microradiographs (150-to 200-m sections) were prepared by exposure of the 150-to 200-m sections to Kodak 1A High Resolution Photoplates (Microchrome Technology, Inc) using a Raymax 60 U with a continuously evacuated demountable tube and half-wave rectification. The unit was operated at 20 kV, and a copper target was chosen, because its characteristic radiation is absorbed selectively by hydroxyapatite, the bone mineral. 7
Staining
The aortic valve and normal iliac bone biopsy were stained with Goldner's Modified Masson-Trichrome Stain, 8 staining hydroxyapatite green. The sections were stained with von Kossa to localize calcium phosphate crystals.
Micro-Computerized Tomography
Human aortic valve and human femur were examined using a Scanco MicroCT-40 system operated at 45 kV. Sampling was with Ϸ8 m voxels (volume elements), maximum sensitivity (1000 projections, 2048 samples, and 0.3 sec/projection integration). The specimen of human femur was used as a control for assessing the extent to which mineral levels in the valves approached those of the cortical bone. (Iliac controls are not shown.)
Electron Microscopy and Energy-Dispersive Spectroscopy
Histological samples were fixed as described previously. 6 Energydispersive spectroscopy was performed on a Phillips CM 12 electron microscope. Immunogold labeling for alkaline phosphatase (Univer-sity of Iowa Hybridoma Bank) (1:10) was performed on normal versus calcified human aortic valves as described previously. 6
Reverse Transcriptase-Polymerase Chain Reaction
Total RNA extraction and reverse transcriptase-polymerase chain reaction (RT-PCR) analysis were performed for the expression of osteoblast marker genes, including osteopontin, bone sialoprotein, and osteocalcin, using the protocol and primer sequences described by Rickard et al, 9 with the exception of the primers for Cbfa-1, as described by Komori et al. 10 
Results
Establishment of the Bone-Like Phenotype in Calcified Human Aortic Valves
Contact Microradiography and Staining
We performed contact microradiography in conjunction with special bone histomorphometric staining to confirm the presence of calcification and mineralization in calcified valve tissues. The x-ray microradiograph in Figure 1A1 demonstrates areas of calcification within the valve leaflet. Figure  1A2 shows a high magnification and a low magnification of a serial section of the leaflet stained with Goldner's Modified Masson-Trichrome stain with an arrow pointing to the green staining hydroxyapatite synthesis. In Figure 1A3 , the arrow in the high-magnification image of a section stained by von Kossa points to an area of black stain, indicating the presence of calcium phosphate crystals in the same areas of calcification shown in Figures 1A1 and 1A2 .
Micro-Computerized Tomography
Two-dimensional (2D) and 3-dimensional (3D) analysis of the aortic valve by micro-computerized tomography (Mi-croCT) revealed the depth and extent of calcification in each nodule on the valve compared with a human femur bone. The section of the human femur was scanned to provide a reference for comparison with the mineralized valve (controls not shown). Figure 1B1 is a 2D graphic reconstruction of the calcified valve nodule, and Figure 1B2 is the 3D reconstruc- tion. The 2D and 3D images indicate a pattern of mineralization that is heavier toward the outer edge of each nodule and diminished toward the center of the valve, and these were characteristic findings in all of the calcified valves. The x-ray of the human femur fragment and the mineralized valve were indistinguishable, except for the fine structure found in the center of the valve.
Energy-Dispersive Spectroscopy
The energy-dispersive spectroscopy scan indicates that the elemental composition of CaPO 4 in the areas of valve calcification is similar to that of normal skeletal bone, as shown in Figure 2A1 .
Reverse Transcriptase-Polymerase Chain Reaction
To analyze the expression of osteoblast and bone matrix markers, mRNA was isolated from calcified and normal aortic valves, and RT-PCR was performed to compare the relative level of osteopontin, bone sialoprotein, osteocalcin, alkaline phosphatase, and the osteoblast-specific transcription factor Cbfa1. Figure 2A2 demonstrates that all markers were increased in the calcified aortic valves compared with the noncalcified controls, with the exception of alkaline phosphatase, which was unchanged.
Electron Microscopy
In the calcified aortic valves, heavily labeled patches of alkaline phosphatase were concentrated over cells ( Figure  2B1 ) and dense extracellular matrix. In the normal aortic valves, a few nonspecific gold particles were scattered over the heterochromatin of fibroblasts (control aortic valves not shown). In Figure 2B2 , the ultrastructure of calcified human aortic valve shows collagen bundles interspersed with multiple focal electron-dense deposits that have been identified as hydroxyapatite by EDS analysis.
Discussion
In this study, we demonstrate that calcification in human aortic valve leaflets has similar features to that of osteoblastogenesis during skeletal bone formation. Bone is a mineralized connective tissue, comprising an exquisite assembly of functionally distinct cell populations that are required to support the structural integrity of the skeleton. The ex vivo demonstration of mineralization areas in the calcified aortic valve using microCT in this study may relate to the clinical use of electron beam computed tomography to study the in vivo progression of aortic valve calcification. 11 Skeletal bone formation requires that osteoblast cells derived from mesenchymal precursor cells in the bone marrow stroma and periosteum differentiate into osteoblasts capable of depositing a mineralized extracellular matrix. 12 Genes characteristic of osteoblastic cells include those encoding for alkaline phosphatase, osteopontin, osteocalcin, and bone sialoprotein. 13 These markers are mostly bone extracellular matrix molecules and late markers of osteoblast differentiation expressed during active mineralization. Two important osteoblast-specific transcripts have been identified, those encoding Cbfa1 and osteocalcin. 14 During embryonic development, Cbfa1 expression precedes osteoblast differentiation and is restricted to mesenchymal cells destined to become osteoblasts. 14 Thus, the expression of Cbfa1 may play a role in valvular calcification. Osteocalcin is a late marker of calcification in osteoblastogenesis and is present in the later stages of skeletal bone formation. 12 In the vasculature, Watson et al 15 have demonstrated that an osteoblast-like vascular cell resides in the medial layer of the vascular aorta, which may contribute to arterial calcification. In this study, we have demonstrated increased mRNA levels for several markers important in bone formation in the diseased human aortic valves except alkaline phosphatase. However, immunogold labeling for protein expression of alkaline phosphatase was increased and localized to areas of calcified extracellular matrix in the calcified valve.
Our new observations in human aortic valves, together with data from our in vivo animal model of aortic valve disease and other in vitro vascular calcification models, 6, 15 support the hypothesis that degenerative valvular aortic stenosis is the result of active bone formation in the aortic valve, which may be mediated through a process of osteoblast-like differentiation in these tissues.
